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ABSTRACT
The Great Dark Spot (GDS-89) observed by Voyager 2 was the first of several large-
scale vortices observed on Neptune, the most recent of which was observed in 2018
in the northern hemisphere (NDS-2018). Ongoing observations of these features are
constraining cloud formation, drift, shape oscillations, and other dynamic properties.
In order to effectively model these characteristics, an explicit calculation of methane
cloud microphysics is needed. Using an updated version of the Explicit Planetary
Isentropic Coordinate General Circulation Model (EPIC GCM) and its active cloud
microphysics module to account for the condensation of methane, we investigate the
evolution of large scale vortices on Neptune. We model the effect of methane deep
abundance and cloud formation on vortex stability and dynamics. In our simulations,
the vortex shows a sharp contrast in methane vapor density inside compared to outside
the vortex. Methane vapor column density is analogous to optical depth and provides
a more consistent tracer to track the vortex, so we use that variable over potential
vorticity. We match the meridional drift rate of the GDS and gain an initial insight
into the evolution of vortices in the northern hemisphere, such as the NDS-2018.
Key words: planets and satellites: individual: Neptune – planets and satellites:
individual: atmospheres – hydrodynamics – methods: numerical
1 INTRODUCTION
Starting with the original Great Dark Spot (GDS-89) ob-
served by Voyager 2, roughly a half-dozen large geophysical
vortices have been observed on the Ice Giants. In 2015-2017,
a feature was observed on Neptune in the southern hemi-
sphere (SDS-2015) (Wong et al. 2016, 2018). A recent ob-
servation as part of the Hubble Outer Planet Atmosphere
Legacy (OPAL) program revealed a new dark spot with
bright companion clouds in Neptune’s northern hemisphere,
NDS-2018 (Simon et al. 2019). The structure is the most
recent of large scale geophysical features to be observed on
the ice giants. Although these Dark Spots have similar fea-
tures to large vortices on Jupiter, such as the Great Red
Spot, they exhibit dynamical motions such as shape oscilla-
tions and latitudinal drift. Neptune anticyclones evolve on
a time scale of months (Hsu et al. 2019) as opposed to large
vortices on Jupiter, which evolve over many decades (In-
gersoll et al. 2004). During the Voyager 2 encounter with
? E-mail: nhadland2016@my.fit.edu (NKH)
Neptune beginning in January of 1989, GDS-89 was drifting
towards the equator at an approximate rate of 1.3°/month
(Sromovsky et al. 2002). Post-Voyager 2 observations using
the Hubble Space Telescope (HST) revealed that the vor-
tex had dissipated as it approached the equator (Hammel &
Lockwood 1997). Many of the observed characteristics have
been matched previously by numerical models (e.g., shape
oscillation by Polvani et al. (1990), drift rate by LeBeau
& Dowling (1998) and companion cloud formation by Strat-
man et al. (2001)). However, reproducing all of these features
simultaneously has remained elusive.
These vortices exhibit surprising variability in terms of
evolution, shape, drift, cloud distribution, and shape oscilla-
tions, so an explicit calculation of the environmental param-
eters is required for each vortex observed. However, this is
beneficial because more diagnostic information can be ob-
tained from each case than if the spot occurrences were
repetitive in terms of their characteristics. For example, in
the case of GDS-89, equatorial drift was observed (Smith
et al. 1989; LeBeau & Dowling 1998) as opposed to the pole-
ward drift of dark spot SDS-2015 (Wong et al. 2016, 2018).
© 2020 The Authors
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In addition, GDS-89 had an accompanying cloud feature
external to the dark spot, presumably condensed methane,
whereas some vortices have centered bright companions such
as D2 (Smith et al. 1989) and SDS-2015 (Wong et al. 2018).
Stratman et al. (2001) demonstrated that orographic
upwelling could be the cause of companion clouds. An
analysis of these overlying orographic cloud features shows
promising insight into the dynamics of clouds on Neptune, as
the features are directly impacted by the underlying atmo-
spheric structure and the deep methane abundance. To that
end, it is necessary to apply a cloud microphysical model to
make a more complete representation of dark spots. We use
an updated microphysics calculation implemented in the Ex-
plicit Planetary Isentropic Coordinate General Circulation
Model (EPIC GCM) (Dowling et al. 1998, 2006; Palotai &
Dowling 2008) to account for methane cloud microphysics
(see Section 2.2). We investigate the dynamics of vapor and
subsequent persistent cloud formation on Neptune by mod-
elling large scale vortices.
Clouds have been modelled explicitly in recent works to
study the effect of convection (e.g., Sugiyama et al. 2011; Li
& Chen 2019) and the GRS (Palotai et al. 2014) on Jupiter,
but not for Neptune.
We seek to answer the following questions:
(i) How does the addition of a methane cloud microphys-
ical model affect the evolution of the vortex?
(ii) How do various methane deep abundance (mole frac-
tion) values affect the vortex?
To investigate these questions, we use an increased hori-
zontal grid resolution and increased number of vertical layers
in the column compared to previous studies. Additionally,
we use methane vapor to track the vortex drift rate and
shape oscillations whereas in previous studies, potential vor-
ticity (PV) was used as the primary parameter to determine
the features of the vortex.
2 METHODS
2.1 EPIC model
To investigate persistent cloud formation on Neptune, we
use the EPIC-GCM with an active hydrological cycle for
methane. EPIC uses a hybrid vertical coordinate, ζ , de-
scribed by Dowling et al. (2006). The top of the model uses
potential temperature, θ, as a vertical coordinate while the
bottom uses a scaled pressure variable, σ. The transition
between the two functions occurs at 10 hPa (see Figure 3).
Indeed, this transition allows for the use of EPIC on planets
without a solid, terrestrial surface (i.e. gas giants) and in-
creased vertical resolution at deeper layers where θ is nearly
constant.
2.2 Cloud microphysics
We use the active cloud microphysical model from Palotai
& Dowling (2008) which incorporates the condensation of
methane in the EPIC model, with the revisions to precipi-
tation given in Palotai et al. (2016).
This scheme deals with bulk mass transfer between five
explicit phases: vapor, cloud ice, liquid cloud droplet, snow
Figure 1. An image of the GDS-89 (dark feature near the center)
taken by Voyager 2 in 1989. The high altitude white companion
clouds around the GDS are visible. To the South, the Scooter,
which is another dark spot observed by Voyager 2 is visible with
its distinct centered cloud. Courtesy NASA/JPL-Caltech.
and rain. The last two correspond to precipitation in the
model and are subject to sedimentation at the terminal ve-
locity.
Cloud particle sizes are diagnosed using the Gunn-
Marshall distribution (Gunn & Marshall 1958) for snow and
the Marshall-Palmer distribution (Marshall & Palmer 1948)
for rain. Both are log-normal with two free parameters de-
scribing the mean and standard-deviation of the particle-size
distribution. We apply these distributions due to the low
number of parameters (2) and the computational efficiency
they provide compared to other, more recently retrieved pa-
rameterizations. Furthermore, most Earth-based literature
use empirically derived distributions which are accurate for
localised conditions, making them a poor choice for porting
to gas-giant atmospheres (Palotai & Dowling 2008).
2.3 Fall Speed of Particles
To speed up computation, we parameterize the terminal ve-
locity snow particles of different diameters (D) using a power
law:
Vt = xDy
(
p0
p
)γ
(1)
where x, y and γ are determined by fitting the terminal
velocity calculated using theoretical hydrodynamical princi-
ples (Pruppacher & Klett 2010). p0 = 1 bar is the reference
pressure. Similarly to Palotai & Dowling (2008), we assume
that snow is graupellike with a hexagonal shape and follow
their formulation for calculating sedimentation velocity as a
function of particle size.
A plot of the terminal velocity of CH4 and H2S snow at a
pressure of 1 bar is shown in Figure 2, and the fit parameters
for CH4 and H2S on Neptune are given in Table 1.
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Figure 2. Snow terminal velocity fits for CH4 (solid) and H2S
(dashed) at 1 bar on Neptune.
CH4 snow H2S snow
x 14.5 22.2
y 0.458 0.504
γ 0.320 0.320
Table 1. These constants are determined from Eq. 1 when D is
in meters and Vt is in m/s.
Using the particle size distributions, the net sedimenta-
tion rate for a grid cell is calculated by weighting the ter-
minal velocities by the mass of particles in each radius bin.
Currently, only snow particles undergo sedimentation since
the terminal velocity for cloud ice on Neptune is on the or-
der of a few µm/s and thus fall only a few meters over the
duration of our simulations.
2.4 Model setup
We run 3-dimensional simulations that span −90° to 0° lat-
itude and −120° to 120° longitude with 256 points each re-
sulting in horizontal boxes that are 0.5°×1° (lat×lon). These
limits are sufficient to minimize the effects of the lateral
boundaries on the simulated vortex and its associated clouds
and prevent the vortex from interacting with itself (LeBeau
& Dowling 1998). The model covers 35 unequally spaced ver-
tical layers between 1 hPa and 14 bar (see Figure 3), which
provides significantly higher resolution than previous studies
of the GDS.
The pressure-temperature profile used in this study is
shown in Figure 3, which is an idealized curve taken from
LeBeau & Dowling (1998). The black curve is from previ-
ous refinements of Voyager 2 radio-occultation T(P) data
Figure 3. (a) shows the temperature and pressure profile of Nep-
tune used in the EPIC model. (b) shows the potential temperature
profile (θ) of Neptune (shown in blue). The horizontal black lines
indicate the position of vertical layers used in the model. The
GDS-89 extends from approximately 200 hPa to 3.5 bars (shown
in the shaded region). The sigma-theta transition is also shown
in red at 10 hPa.
from Conrath et al. (1991) and Stratman et al. (2001) took
helium at a 19% mole fraction. This profile is used as the
initial input into the model at the equator. The temperature
profile throughout the rest of the model is calculated using
the thermal wind equation. The layers, shown on Figure 3 as
horizontal lines on the right, were chosen in order to increase
the resolution around the initial location of the spot (approx-
imately 1 bar) in the vertical column and the methane cloud
deck. In addition, since the model reaches up to 1 hPa, we
can set the σ − θ transition at 10 hPa, or between k = 2 and
k = 3 indicated by the intersection of the horizontal red line
and the potential temperature profile in blue. We initialize
equilibrium simulation using the idealized zonal wind pro-
file Qy = 13 from LeBeau & Dowling (1998) , which closely
matches the drift rate of the GDS-89 as opposed to other
idealized curves (see Fig. 4 and Section 3.3). We run 130
day simulations to investigate stability, drift rate, and com-
panion clouds throughout the model, with the ultimate goal
of achieving similarities to the observations of GDS-89 and
other vortices. Given that the observed periodicity in the os-
cillation of the GDS-89 was about 8 days (Sromovsky et al.
1993), the model should be able to capture several periods
of wobble in the vortex.
Initially, the geopotential heights are determined in the
model by integrating the hydrostatic equation. Due to nu-
merical errors, the model is initially slightly unstable, so we
run the model for 5 days to let the winds stabilize. During
this time, cloud microphysics is turned off so as to not have
spurious cloud growth. The spot is added to the model at
the end of this equilibrium phase.
MNRAS 000, 1–9 (2020)
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Figure 4. Mean zonal wind profile as a function of latitude using
the pseudo PV gradient, Qy =
1
3 . The vortex is induced at roughly
32° S latitude.
2.5 Methane abundance
The primary goal of this work is to analyse the effect of
methane on the dynamics and stability of the GDS-89. To
that end, we vary the deep abundance (mole fraction) of
carbon and initial ambient humidity in our test cases.
In the nominal case, we take the standard value of 40×
the solar [C/H] fraction for Neptune (Baines et al. 1995),
or an approximate CH4 mole fraction of fCH4 = 0.022
+0.005
−0.006.
The vertical methane abundance profile is initialized by a
“cold-trap” model, where the mole fraction at the deepest
layer is defined by a constant value (the deep abundance).
Successive layers are limited by the minimum of the satura-
tion mole fraction and the mixing ratio of the layer below.
In our model, we take the initial relative humidity for all
“wet” cases to be 95% to prevent spurious cloud growth in
the first timestep. In a 3-dimensional model, advection of
methane vapor and cooling produce localized supersatura-
tion, which leads to cloud formation.
We run 5 cases which are shown in Table 2. Three in-
clude active cloud microphysics at different methane deep
abundances. In the passive case, methane vapor is added to
the model but does not condense. We also include a dry
(H/He atmosphere) case. These different parameters test
both the effect of the additional mass from methane va-
por and the latent heat release from cloud formation on the
dynamics of the GDS.
2.6 Addition of the Vortex
We utilize the vortex initialization as detailed in LeBeau &
Dowling (1998), who use a Kida vortex model. The vortex
begins at a latitude of 32° S at a pressure level of 1000 hPa
(k = 24). The vortex extends roughly a scale height vertically
Case Cloud microphysics [C/H] relative to solar
1 On 20
2 On 40
3 On 80
4 Off 40
5 Off -
Table 2. A summary of cases tested in this study. For case
4, methane was added but cloud microphysical processes were
turned off (i.e. methane vapor was subject only to advection).
Case 5 is a dry model which has no added methane.
in both directions (see Fig. 3). The initial vortex adjustment
period is about 6 − 8 model days during which the shape of
the spot changes drastically. As such, we begin our analysis
after this adjustment period; 10 days into the model.
The induction of the vortex creates a region of anoma-
lous potential vorticity (PV) compared to the ambient zonal
wind shear, defined as the difference in PV between the test
case and the corresponding equilibrium simulation. PV has
been used in previous modelling works (e.g. LeBeau & Dowl-
ing 1998; Stratman et al. 2001) to study the GDS and is a
useful tracer in dry models to track the vortex. We can define
the extent of the GDS by a contour of constant anomalous
PV at a pressure level of 1 bar or 500 hPa (the centre of
initialized vortex). The shape and location of the vortex are
then quantified by fitting an ellipse to these contours using
the method of Halır & Flusser (1998).
However, the PV of the simulated vortex is difficult to
compare with Voyager 2 observations due to the lack of
precise wind speed measurements. The change in the at-
mospheric structure by the addition of the vortex leads to
a distinct variation in methane abundance inside the GDS,
which can be used to track the dynamics of the spot in a sim-
ilar way to PV and can also be compared with the observed
spot opacity. By integrating the methane vapor density with
depth, we obtain the column density (CD), which is anal-
ogous to optical depth in the upper troposphere. We then
take the ratio of the CD to the equilibrium (see Section 2.4)
and proceed similarly, by fitting an ellipse to a contour of
constant CD. Hereafter, references to CD implies this ratio,
unless otherwise specified.
3 RESULTS
3.1 1D Simulations
We first run a 1-dimensional case with methane cloud forma-
tion enabled to test the microphysical processes and input
parameters. We initialize the atmosphere with 150 layers be-
tween 1 hPa and 14 bar. We use a nominal value of 40× the
solar [C/H] fraction, and the model is initially saturated at
100% relative humidity everywhere.
From equilibrium cloud condensation models (ECCM)
(e.g., Atreya & Wong 2005), methane ice clouds are pre-
dicted to form at around 15 bar. Figure 5 shows the cloud as
a function of time. The base of the clouds in the model are at
about 1050 hPa. Snow is shown with the black contours and
MNRAS 000, 1–9 (2020)
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Figure 5. Results from 1D simulations. Methane ice cloud is
plotted in light blue and snow is plotted in black dashed contours.
Colorbar corresponds to the base-10 log of the cloud density in
kg/m3.
is precipitated out in a few hours. Cloud ice is most dense
near the base and has a typical density of ∼ 10−5 kg/m3.
3.2 Potential vorticity
To fit the vortex, we use the anomalous potential vorticity
as a tracer. We also tracked the evolution of the anoma-
lous PV within the vortex, as shown in Figure 7. As the
vortex drifted equatorward, the background wind shear and
the background potential vorticity increased. Consequently,
although the total PV of the vortex itself was conserved, the
anomalous potential vorticity of the vortex decreased with
time, making it difficult to consistently track the vortex.
Thus, we are limited to only the first 100 days of tracking
the vortex with this method, after which the anomalous PV
of the vortex was comparable to ambient noise.
We fit the anomalous PV at two levels: 1000 hPa and
500 hPa (Figure 6), corresponding roughly to the vertical
extent of the vortex. Below roughly 2000 hPa, the vortex is
very weak and the anomalous PV is almost negligible. We
find that the vortex is fairly uniform between the two layers,
as the vortex is mostly equal in size and at the same position.
The 1000 hPa anomalous PV decreases faster than the 500
hPa layer, and thus for all further analysis we report values
from the vortex tracked using the 500 hPa anomalous PV.
3.3 Drift Rate
LeBeau & Dowling (1998) investigated the equatorial drift
of GDS-89 by using constant-vorticity gradient zonal wind
profiles (Fig. 4) and found that the value of the mid-latitude
pseudo PV gradient, Qy is the primary influencer on meridio-
nial drift. Using Qy = 13 , our experiments match the observed
drift rate of the GDS-89 of 1.3° per month (Sromovsky et al.
1993).
Figure 8 shows the different cases investigated in this
study and their latitudinal drift relative to the approximate
observed drift rate of the GDS. Two lines per case are de-
picted, one for the PV at 500 hPa (dashed) and one for the
methane column density (solid). Table 3 summarizes the av-
erage drift rate for each case investigated.
Case CD Drift Rate [°/month] PV Drift Rate [°/month]
1 0.82 0.90
2 1.36 1.26
3 - -
4 0.27 0.31
5 - 0.46
Table 3. A summary of the approximate drift rate using either
CD or PV at 500 hPa for each case. For case 3(80×), we were
unable to generate a fit. Case 5 is a dry model so PV alone was
used to track the vortex.
Case 2 achieves the closest drift to the observed value
of GDS-89, followed by Case 1. The passive and dry cases
(Cases 4 and 5 respectively) have the slowest drift. The 80×
(Case 3) struggles to maintain dynamic stability throughout
the simulation. We could not fit an ellipse around the vortex
since it did not have a uniform shape and it dissipated after
approximately 60 days.
3.4 Shape Oscillations
Along with meridionial drift, time dependent oscillations in
the shape of the vortex are of interest. Figure 9 shows the
inverted aspect ratio (b/a) of the fitted ellipse for CD (Cases
1-4) and the PV at 1 bar (Case 5). In all cases, we correct
for geometric effects by converting the extents to physical
lengths using an equatorial radius of 24, 760 km and po-
lar radius of 24, 343 km. Clearly, these simulations exhibit
complex dynamical variability in shape. The passive (Case
4) and dry (Case 5) cases have a lower inverted aspect ra-
tio than the active cases (1-3) at around 0.3 as opposed to
0.4. Additionally, for the active cases, there does not appear
to be a predictable frequency of oscillation and a Fourier
power spectrum did not reveal any strong periodicity. The
semi-major axis of the active cases are increasing without a
corresponding increase in the minor axis resulting in a more
elliptic vortex with time. Conversely, the passive and dry
cases have the opposite occurring (more circular).
The GDS-89 was observed to increase in its semi-minor
axis (b) at a rate of 3.8 × 10−5 h−1 (Sromovsky et al. 1993)
as it drifted northward, while the semi-major axis (a) was
roughly constant, resulting a more circular vortex with time.
This is in contradiction to our cloudy simulations where we
see the vortex getting more elliptic by stretching along the
zonal axis as it drifts northward while maintaining a nearly
constant meridional height (Figure 6). In the passive and dry
case, there is very little change in the aspect ratio through-
out the run, and they are much closer to the observed aspect
ratio trend observed by Voyager 2.
3.5 Companion Clouds
Figure 10 (a) shows a snapshot of the model output with
the methane column density in blue and companion clouds
in white. There are two distinct types of clouds that in-
teract with the vortex: those that are interior (within the
horizontal extents of the vortex) and that are exterior to
MNRAS 000, 1–9 (2020)
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Figure 6. Snapshots of the 40× solar methane abundance simulation showing CD fit (black), PV fit at 1 bar (red), and PV fit at 500
hPa (green) to the vortex, along with their respective centres (×). Methane column density is plotted in the background in blue, with
the darker regions corresponding to lower CD (less vapour) with a lower limit of −0.015 kg/m2 and an upper limit of 0.4 kg/m2 . The
PV is shifted by about 1.5° to the north east from the CD centre and decreases over time.
Figure 7. Temporal variation PV and anomalous PV (both in
units of m2 K s−1 kg−1) at 500 hPa inside the simulated GDS in
our test cases using CD to track the vortex. In the dry case, only
anomalous PV at 500 hPa was used to track the simulated GDS
due to the lack of methane.
the vortex (Figure 10 a). The exterior clouds form a thin
layer at roughly 1 bar (Fig 10 c, d), while the interior clouds
form much higher and are extended vertically.
The interior clouds form at two discrete levels: one close
to the tropopause at ∼ 100 hPa and the other further down
around 400 − 500 hPa. The upper level cloud particles are
small due to being in a thinner environment and do not reach
the critical diameter of 500µm to precipitate. The humid
environment where the clouds form (bright in Fig 10 c, d) are
retained throughout the vortex lifetime due to the thermal
structure of the vortex.
The deeper cloud is denser and precipitates immedi-
ately. However, both clouds are long lived and last about 30
days after the initial adjustment period before dissipating.
The particle sizes in both clouds, which are diagnosed from
the cloud water content (Palotai & Dowling 2008), are on
the order of 300 − 500µm with the larger particles forming
in the lower cloud. These sizes are comparable to cold cirrus
Figure 8. Drift rate of the simulated GDS in our test cases. We
used both methane column density (solid) and potential vorticity
(dashed) at 500 hPa to fit the ellipse. In the dry case, only PV
at 500 hPa was used to track the simulated GDS due to the lack
of methane. he dashed grey lines are the average meridional drift
rate of the GDS-89 observed by Voyager 2 (Sromovsky et al.
1993).
clouds on Earth (Heymsfield et al. 2017), which is a similar
habit to the interior clouds in the GDS.
3.6 NDS-2018
In 2018, Hubble Space Telescope visible wavelength imag-
ing revealed the presence of a dark spot in the northern
hemisphere (labelled NDS-2018) (Simon et al. 2019). OPAL
observations showed that there was increase in active cloud
formation in the regions for 1-2 years leading up to the de-
velopment of the spot. The NDS-2018 is similar in size and
shape to the GDS-89 (Simon et al. 2019). Consequently, in
order to constrain the dynamics of this feature, we run simu-
lations with identical vortex initialization, domain, and res-
olution as the GDS cases. We run 100 day simulations of
this feature using an active cloud microphysical model. The
MNRAS 000, 1–9 (2020)
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Figure 9. The inverted aspect ratio of the ellipse (semi-major
divided by semi-minor) for the different test cases using methane
column density to fit the simulated GDS. The solid black line
is the average increase in the inverted aspect ratio of the GDS-
89 observed by Voyager 2 (Sromovsky et al. 1993). The period
nature of the vortex (i.e. the ‘rolling motion’) is evident in all
cases, but at different time scales.
Figure 10. Model output at day 44. (a) shows the top-down view
of methane column density (blue) and cloud (white). (b) shows
the vertical wind with upwelling in red and downwelling in blue,
with wind vectors in the comoving frame. (c) and (d) are longi-
tudinal slices showing methane relative humidity, with brighter
corresponding to saturated regions and darker being drier. Wind
vectors show the local circulation within the vortex and the black
contours are ice cloud densities. The location of the slices are
shown in (a) in red.
Figure 11. Drift rate (blue) and aspect ratio (red) of NDS-2018
from model output.
vortex was initialized at 32° N latitude with a 40× solar
[C/H] fraction and an initial relative humidity of 95%. Fig.
12 shows select timesteps of this NDS simulation.
Due to the symmetrical nature of the zonal wind pro-
file used in this study (Fig 4), equatorial drift was observed
in the simulated NDS case similar to the simulated GDS
cases (Fig. 11). The average approximate drift rate found
in this study for the NDS-2018 was roughly 3.2° per month.
In contrast to the surprisingly consistent latitudinal wobble
observed in the southern hemisphere for the GDS cases, the
NDS case has inconsistent oscillations in latitude. This simu-
lation also saw a decrease in inverted aspect ratio throughout
the 100 day simulation with an average value of around 0.4
consistent with the value of b/a = 0.45 observed by Simon
et al. (2019) for the NDS-2018.
The cloud formation in the NDS simulations were also
similar to the GDS cases, with a set of interior and exterior
clouds, although the interior clouds were not perfectly cen-
tered like the GDS simulations. These are likely a result of
the much more irregular dynamics of the NDS vortex in our
simulations.
4 DISCUSSION
Large scale vortices that have been observed on Neptune
exhibit surprising variability in terms of shape, drift, and
lifetime. Consequently, they are some of the most dynamic
features in the Solar System. Due to these variations, a
variety of vortex characteristics can be examined at short
timescales. Although we are constrained by limited observa-
tional data, recent developments in the accuracy of models
using active microphysics can help us investigate the dynam-
ics of these features.
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Figure 12. Select timesteps from a 100 day simulation of Neptune’s NDS-2018 using the EPIC model with active microphysics for
methane and 40× solar methane abundance. The blue is integrated column density of methane vapor with darker regions indicating areas
of low density. The solid line is the fitted ellipse using dashed line, which is the vapor field contour.
4.1 Methane deep abundance
The various cases discussed here exhibit a wide range in
both the meridionial drift and the dynamic time-dependent
variations in shape of the GDS-89.
We tracked the vortex using both anomalous PV and
methane column density (Figure 6), and found that using
the CD allows us to track the vortex for much longer due to
the anomalous PV decreasing as the vortex moves through
different shear environments. These cases differ significantly
in the rate of latitudinal drift, the change in aspect ratio
and the periodicity of the oscillations. Cases 1 and 2 (20×
and 40× solar methane abundance with active microphysics)
are best matches for the drift rate (with Case 2 reproducing
the drift almost perfectly), but do not show the observed
decrease in ellipticity of the GDS-89. The passive and dry
(Cases 4 and 5) are poor matches for the drift rate but are
better at reproducing the observed slow change in the as-
pect ratio. Surprisingly, the 80× simulation failed to achieve
a stable feature, and dissipates after 60 days. It should be
noted that the high fidelity observations of the GDS started
above ∼ −26° latitude (Sromovsky et al. 1993), which is fur-
ther north compared to where most of our simulations reach,
and it is likely that we were probing an earlier part of the
GDS-89’s trajectory. A study of starting the vortex further
north will need to be done to investigate this. Ultimately, the
stability of Cases 1 and 2 and their consistency with Voy-
ager 2 observations reinforces the measurements of a roughly
20 − 40× solar [C/H] ratio on Neptune.
4.2 Cloud microphysics
Cloud microphysics has a much more drastic effect on the
dynamics of the vortex compared to simply the addition of
methane, as the passive case behaves similarly to the dry
case. It is, however, much more difficult to trace the pro-
cess(es) responsible for these effects. Due to the low density
of the methane clouds, coupled with the low latent heat re-
lease of methane, it is unlikely to be just latent heating that
drives this difference.
Clouds were present throughout the simulation and in-
teracted strongly with the vortex. Similar to Stratman et al.
(2001), we observed multi-layered clouds both within and
without the vortex in our simulations (Figure 10). Their
eastward cloud forms much higher than ours. However, this
may be a function of vertical resolution and interpolation
between the layers. In general, both results agree with the
humid environment within the vortex and a region of dry
air directly below. We are unable to reproduce the persis-
tent poleward cloud. Stratman et al. (2001) showed that
vertical location of the vortex strongly influences the forma-
tion of clouds and indeed observed the poleward cloud only
in certain configurations. The vertical extent and location
of the spot in our simulations is held constant to reduce the
number of free parameters, and we will investigate the effect
of changing them in future simulations.
The deep cloud within the vortex formed snow and had
cloud particles exceeded 300µm in diameter based on the
assumption of hexagonal plate-like particles. Using Voyager
2 IRIS spectra, Conrath et al. (1991) obtained particle sizes
between 0.3 − 30µm, assuming Mie scattering by spherical
particles. In our model, we assume ice and snow to be hexag-
onal plates (as determined for Earth clouds) resulting in
much larger diameters than the equivalent spheres for the
same particle masses. The equivalent radii for the spherical
cloud particles in our simulations is about 50−70µm, for the
same particle mass (i.e. the “wetted radius”). Kinne & Liou
(1989) noted that using spherical ice crystals underestimates
the albedo by up to 15% due to greater forward scattering,
depending on the shape of the ice particle. Therefore, the dis-
crepancy in cloud particle sizes on Neptune requires further
study in the avenue of experimentally determining methane
nucleation in a H/He environment and scattering for non-
spherical geometries. Both of these would further refine the
microphysical parameters in our model to better represent
gas-giant atmospheres.
4.3 Optical depth
Strong methane absorption in Neptune’s atmosphere largely
correlates with a higher optical depth (Hueso et al. 2017).
In our simulations, we find that the vortex exists as an area
of low methane vapor density compared to the surrounding
atmosphere. This is due to the modified thermal structure of
the atmosphere as a consequence of introducing the vortex
(Figure 6). All cases (except for Case 5 - which contains no
methane vapor) reciprocate this phenomenon and decreased
methane column density persist throughout the simulation.
The reduced column density results in a decreased optical
depth over the vortex compared to the ambient background
atmosphere. We interpret this as being able to see deeper
into the atmosphere, producing the “darkness” of the GDS-
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89. This is, indeed, an ‘apples-to-oranges’ comparison, and
applying a forward radiative transfer (RT) model to simula-
tion outputs would lend additional insight into this discus-
sion. We are working on an RT model that will address this
in future studies.
4.4 Applications to the NDS-2018
The NDS-2018 simulation has surprising differences from our
GDS test cases. There is much more irregularity in the equa-
torward drift of the vortex and a higher drift rate. The shape
oscillation was similar to our wet GDS cases, with the vortex
becoming more elliptic with time.
These differences could be due to the Voyager-era zonal
wind profile we use in our models. Recent OPAL observa-
tions have provided new zonal wind data and even shown
evidence of weak vertical wind shear (Tollefson et al. 2018).
Simon et al. (2019) suggest that a zonal wind gradient of
∼ 4× that of the Sromovsky et al. (1993) fit is required
to match the observed aspect ratio of the NDS-2018, or
du/dy ∼ 5.4 × 10−5 s−1. The Qy = 1/3 zonal wind profile
we use has a value of du/dy ∼ 3 × 10−5 s−1 around 30° lat-
itude. Testing different zonal wind gradients is not part of
this study however, and will be introduced into future sims.
Furthermore, without additional observations, it is difficult
to verify the accuracy of the drift rate and shape oscillations
we measured in the model. It is unknown whether the spot
is still present because Hubble observations are limited.
5 CONCLUSION
In this study, we have analysed the effect of methane abun-
dance and cloud formation on the dynamics of the vor-
tex. While the addition of active microphysics improves the
meridional drift rate of the vortex, there are other observa-
tions which are difficult to reproduce, such as the consistent
periodicity of the shape oscillation or the increase in inverse
aspect ratio. A further study of the parameter space that
describes the spot is required, such as changing the initial
vortex location and size (both vertically and horizontally).
Additionally, Tollefson et al. (2018) assumes a ×2 or an ×4
depletion of methane at the mid-latitudes and towards the
poles and an increase in mixing ratio near the equator based
on idealized equations. These recent observations would be
beneficial in the study of the newer spots such as the NDS-
2018, and indeed are likely required to explain their dynam-
ics.
The active microphysics package implemented in this
study has a clear effect on the dynamical motions of the vor-
tex, such as meridional drift and shape oscillations. Using a
40× or 20× methane deep abundance, we achieve a stable
simulation for over 120 days. We also see persistent bright
companion cloud formation throughout the simulation. Ad-
ditionally, the vortex exists as an area of low density which
may be correlated to a decrease in optical depth. Finally,
we found a possible scenario for the dynamical evolution of
the NDS-2018 including its equatorial drift and the vortex
becoming more elliptic with time. However, additional ob-
servations are needed to constrain these simulations.
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